To address this, we evaluated pulmonary expression of ID proteins in a mouse model of hypoxia-induced PH. There is selective induction of ID1 and ID3 expression in hypoxic pulmonary vascular smooth muscle cells (VSMCs) in vivo, and ID1 and ID3 expression are increased by hypoxia in cultured pulmonary VSMCs in a BMPdependent fashion. ID4 protein is barely detectable in the mouse lung, and while ID2 is induced in hypoxic peripheral VSMCs in vivo, it is not increased by hypoxia or BMP signaling in cultured pulmonary VSMCs. In addition, the PH response to chronic hypoxia is indistinguishable between wild type and Id1 null mice. This is associated with a compensatory increase in ID3 but not ID2 expression in pulmonary VSMCs of Id1 null mice. These findings indicate that ID1 is dispensable for mounting a normal pulmonary vascular response to hypoxia, but suggest that ID3 may compensate for loss of ID1 expression in pulmonary VSMCs. Taken together, these findings indicate that ID1 and ID3 expression are regulated in a BMP-dependent fashion in hypoxic pulmonary VSMCs, and that ID1 and ID3 may play a cooperative role in regulating BMP-dependent VSMC responses to chronic hypoxia. hypoxia; bone morphogenetic protein signaling; ID1; ID2; ID3; vascular smooth muscle cells; endothelial cells GENETIC STUDIES IN PATIENTS with hereditary pulmonary arterial hypertension (HPAH) indicate that defective bone morphogenetic protein (BMP) type 2 receptor (BMPR2) signaling plays a critical role in promoting pulmonary hypertension (PH) and obliterative pulmonary vascular remodeling in this disease (16, 25) . Studies in mice carrying heterozygous null and hypomorphic germ line Bmpr2 mutations show that these mice do not develop spontaneous PH, but they have increased susceptibility to PH in response to inflammatory mediators and serotonin (22, 38, 39) or to chronic hypoxia (9). Conditional deletion of Bmpr2 in endothelial cells (ECs) promotes spontaneous PH in a subset of affected mice (11), indicating that defective BMPR2 signaling plays a role in regulating EC function. However, interference with BMPR2 signaling in vascular smooth muscle cells (VSMCs) by overexpression of a dominant negative BMPR2 mutation also promotes spontaneous PH in mice (45). Furthermore, conditional deletion of the BMP type 1 receptor ALK3 in VSMCs reduces hypoxic pulmonary vascular remodeling and VSMC proliferation (7). These findings indicate that defective BMPR2 signaling influences both the EC and VSMC compartments in the pulmonary vasculature. However, the relationship between defective BMP signaling and vascular cell phenotypes in HPAH is complex and poorly understood (23).
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One approach to explore this has been to investigate the downstream signaling pathways that mediate the effects of BMP receptor mutations in different pulmonary vascular cell types. These studies also enable us to interrogate PH-associated alterations in BMP signaling that occur in the pulmonary vasculature in the absence of BMPR2 mutations. Activation of the BMP receptors leads to COOH-terminal phosphorylation of the BMP activated SMADs (SMAD1, 5, and 8), their nuclear translocation, and transactivation of target genes (5) . One well-characterized transcriptional target of BMP-activated SMADs is the gene encoding the basic helix-loop-helix protein inhibitor of differentiation 1 (ID1) (27, 40) . ID proteins, of which there are four known members in mammals (ID1-4), lack a DNA binding domain and act as dominant-negative regulators of transcription by heterodimerization with DNA binding basic helix-loop-helix proteins (12) . All four ID family members are targets of BMP signaling in a variety of different cell types (14, 15, 20, 37) . In situ hybridization studies show that ID1, ID2, and ID3 have widely overlapping expression domains in many tissues of the developing embryo (many of which overlap with the embryonic expression domains of BMP-2), while ID4 is exclusively expressed in the central and peripheral nervous system (13, 35, 36) . ID2 expression is distinct from ID1 and ID3 in the developing lung, where it is largely expressed in epithelial cells. ID1 and ID3 are mainly expressed in the lung mesenchyme (which includes primitive blood vessels) (13) . Genetic loss of Id1 and Id3 alone in mice does not appreciably affect embryonic development. However, Id1/Id3 double null mice die midgestation with widespread abnormalities in the cerebral vasculature (24) . These defects are reminiscent of the more generalized vascular remodeling defects seen in adult mice with 90% RNA interference knockdown of Bmpr2 expression in the germ line (19) . This suggests that ID1 and ID3 could play a cooperative role in mediating BMPR2-dependent responses in the developing vasculature. ID1 has also been shown to play an essential role in mediating BMP-dependent effects in cultured ECs (migration and tube formation) (43) and in cultured human pulmonary artery smooth muscle cells (PASMC, proliferation) (48, 49) . In addition, BMP-dependent induction of ID1 and ID2 expression is reduced in cultured PASMCs from HPAH patients carrying germ line BMPR2 mutations (48) , and restoration of ID1 expression in these cells rescues BMP-dependent anti-proliferative responses that were observed in these studies (49) . This suggests that ID proteins could play a role in mediating BMPR2-dependent effects in the pulmonary vasculature. However, these in vitro findings could be misleading, given the complex nature of the BMP signaling pathway in the intact vasculature (23) , and definitive analyses of pulmonary vascular responses in the absence of ID1 expression in vivo have not been performed. In addition, while previous studies have shown that ID1 is dominantly expressed in pulmonary VSMCs in the adult lung (3, 8, 49) , recent studies raise concern about the lack of specificity of commercial anti-ID1 antibodies used in these and other studies (30) . Moreover, while lineage tracing studies indicate that ID2-positive cells give rise to pulmonary ECs in the adult (34) , there is no additional published data on the distribution of other ID family members in the adult lung vasculature.
In these studies, we have carefully evaluated the expression pattern of ID family members in the pulmonary vasculature and determined how these are regulated in mice with hypoxiainduced PH. We confirmed specific immunoblotting and immunohistochemical staining of two recently developed rabbit monoclonal anti-ID1 and -ID3 antibodies in wild-type, Id1 and Id3 null mouse lung tissues and used these antibodies to demonstrate that ID1 and ID3 proteins are dominantly expressed in ECs, but that there is selective induction of ID1 and ID3 expression in hypoxic pulmonary VSMCs, both in vivo and in vitro. In addition, we evaluated the effect of ID1 deficiency in Id1 null mice on pulmonary vascular responses to chronic hypoxia. These studies demonstrate that ID1 is dispensable for mounting a normal PH and pulmonary vascular remodeling response to hypoxia. However, this is associated with a compensatory increase in ID3 expression in pulmonary VSMCs of Id1 null mice, suggesting that ID1 and ID3 may play a cooperative role in regulating pulmonary VSMC responses to chronic hypoxia.
MATERIALS AND METHODS
Mouse lines. Germ line Id1 null mutant mice (46) bred on a C57Bl/6J; 129 genetic background were a gift from Robert Benezra (Memorial Sloan-Kettering Cancer Center). Genotyping for the Id1 null allele was performed by PCR of ear punch DNA, as described previously (46) . Germ line Id3 null mutant mice (29) on a C57Bl/6 background were a gift from Yuan Zhuang (Duke University Medical Center). Genotyping for the Id3 null allele was performed by PCR of ear punch DNA using the following primers: common forward (CAT-TCTCGGAAAAGCCAGTC) and either wild-type reverse (CTC-CCTCGCTCTTCTCTCCT) for a wild-type amplicon of 300 bp, or mutant reverse (GCCAGAGGCCACTTGTGTAG) for a mutant amplicon of 238 bp.
Experimental PH. Nine-or eleven-week-old Id1 mutant mice and wild-type littermate controls were exposed to normoxia or 10% normobaric oxygen for 1 or 3 wk, as described (9) . At completion, 12-wk-old mice were anesthetized with 375 mg/kg Avertin (Sigma) and ventilated by tracheotomy, and the chest was opened. Right ventricular (RV) systolic pressure (RVSP) and diastolic pressures (RVDP), and left ventricular (LV) diastolic pressure (LVDP) were measured by direct cardiac puncture using a pressure gauge needle. Pressure wave forms were visualized and measured in millimeters of mercury using a Digi-Med blood pressure analyzer with Gould printer (Supplemental Fig. S1 ; the online version of this article contains supplemental data). Mean RVSP was calculated from Ն15 s of stable measurement with heart rate Ͼ300 beats/min. RV and LV ϩ septal (RV/LVϩS) dry weights were determined to evaluate RV hypertrophy. Hematocrit was measured using a Drummond Scientific microhematocrit centrifuge, according to the manufacturer's instructions. All experimental methods were approved by Vanderbilt University's Institutional Animal Care and Use Committee.
Histological evaluation of the pulmonary vasculature. After hemodynamic analysis, lungs were inflated and fixed in 10% formalin in PBS overnight before mounting in paraffin. While blinded to genotype and treatment condition, we assessed the percentage of muscularized peripheral vessels (Supplemental Fig. S2 ) and vascular cell proliferation in the pulmonary vasculature by two-color immunofluorescence staining for ␣-smooth muscle actin (␣-SMA) and von Willebrand factor (vWF) or PCNA, respectively, as described (8) . Vascular cell proliferation was assessed after 1 wk of hypoxia, because significant hypoxia-induced proliferation is not observed at the 3-wk time point. Alveolar density (number of alveoli/mm 2 ) and peripheral vessel density (number of peripheral vessels/100 alveoli) were scored from 10 ϫ200 fields while blinded to genotype, as described (2) .
Immunoblots. Immunoblots were performed on lysates from whole lung, intrapulmonary artery (IPA) preparations and cell lysates, as indicated. IPAs were excised from freshly isolated left lung and separated from surrounding tissues under a dissecting microscope to evaluate protein expression in the pulmonary vasculature. These preparations contain continuous vessels corresponding to the first branch artery at the hilum through the third branch point of each subsequent artery (approximate diameter of 75 m), allowing specific evaluation of proteins present in the arterial vasculature. We recovered 50 -100 g of protein from each IPA tree, sufficient for one to two immunoblots. Three commercially available anti-ID1 antibodies [rabbit monoclonal antibodies clone 195-14 and clone 37-2 (BioCheck), and rabbit polyclonal (Santa Cruz, SC-488)] were evaluated for use in immunoblot detection of ID1. Specificity for each antibody was confirmed by negative immunoblots on lung lysates from Id1 null mice (Supplemental Fig. S3 ). Immunoblots for ID1 expression in experimental lung tissue samples were performed using the anti-ID1 antibody clone 195-14. Additionally, rabbit polyclonal anti-ID2 and -ID4 antibodies (Santa Cruz, SC-489 and SC-491, respectively), rabbit monoclonal anti-ID3 clone 17-3 (BioCheck), rabbit polyclonal anti-COOH-terminal phospho-SMAD1/5/8 (Cell Signaling, 9511), mouse monoclonal anti-SMAD1 clone A-4 (Santa Cruz, SC-7965), and mouse monoclonal anti-␤-actin antibody clone AC-74 (Sigma, A2228) were used. Specificity of the anti-ID3 antibody clone 17-3 was confirmed by negative immunoblots from Id3 null mice (Supplemental Fig. S4A ). Appropriate species-specific goat polyclonal secondary antibodies (anti-mouse: Kirkegaard & Perry Laboratories, 04 -18-06, and anti-rabbit: Cell Signaling, 7074) were utilized. A light-chain-specific secondary antibody (Jackson Immunolaboratories, 115-035-174) was used for detection of SMAD1 in whole lung lysates to resolve it from immunoglobulin heavy chain. Specific bands were quantified by densitometry and normalized to ␤-actin loading controls.
Immunohistochemistry. Immunoperoxidase staining for ID1, ID2, and ID3 was performed on formalin-fixed, paraffin-embedded lung sections. Sections were heated in a vegetable steamer for 25 min in citrate antigen retrieval buffer (Biogenex) for all of the immunohistochemical and immunofluorescence stains, with the exception of vWF staining. For this, antigen retrieval was performed by incubating the tissue sections for 30 min at 37°C with 1 mg/ml trypsin (Sigma). Primary antibodies were detected with ABC amplification using horseradish peroxidase (HRP) conjugated streptavidin (Vector Laboratories) and diamino benzidine (Sigma) and counterstained with Mayer's hematoxylin (Fluka). Localization studies for ID protein expression in experimental lung tissue samples were performed using anti-ID1 clone 37-2, anti-ID2 clone 98 -2, and anti-ID3 clone 17-3 rabbit monoclonal antibodies from Biocheck. In addition, we evalu-ated rabbit polyclonal anti-ID1 (SC-488) and anti-ID2 (SC-489) antibodies from Santa Cruz, and another rabbit monoclonal anti-ID1 antibody, clone 195-14 from Biocheck. Cells positive for ID1-3 protein expression were quantified from 10 ϫ200 fields while blinded to treatment and genotype. For these studies, we evaluated airwayassociated vessels, separated into small (20 -50 m) and larger vessel sizes (50 -100 m). Vessels were only scored if in cross section, and counts were expressed as number of positive cells per vessel.
Immunofluorescence was performed on formalin-fixed, paraffinembedded lung sections with the ID1-3 antibodies outlined above and detected with a rabbit IgG-specific biotin-conjugated secondary antibody, followed by streptavidin-conjugated HRP (ABC kit, Vector Laboratories). Cy3-labeled tyramide signal amplification was used to amplify the HRP signal (Perkin Elmer, NEL744), according to the manufacturers' instructions. VSMCs were colabeled using mouse monoclonal anti-␣-SMA antibodies (clone 1A4, Sigma) and detected with anti-mouse FITC-conjugated secondary antibodies (Vector Laboratories, FI-2000). ECs were labeled using rabbit polyclonal antivWF antibodies (DAKO, A0082) and detected with rhodamine-conjugated, anti-rabbit secondary antibodies (Jackson Laboratories, 711-296-152). DNA was stained with 4=,6-diamidino-2-phenylindole (DAPI; Vector Laboratories). Cells were defined as VSMCs if ␣-SMA was positive, and ECs when located internally to ␣-SMA-positive smooth muscle cells. This method of defining ID1-3 expressing EC compartment of the pulmonary vasculature was validated in a separate series of experiments in which sequential lung tissue sections were colabeled with ID1-3 and ␣-SMA antibodies, or with ␣-SMA and vWF antibodies, as outlined above (Supplemental Figs. S5-S7). For these studies, we focused on small (20 -50 m) peripheral muscularized vessels distal to terminal bronchioles, since these are the major site of pulmonary vascular remodeling in hypoxic PH (26) . While blinded to genotype and treatment conditions, ID1-3 positive cells were quantified in 10 ϫ200 fields of view. Vessels were only scored if in cross section. ID1-3 positive cells were expressed as compartment-specific cellular indexes (ID1-3 positive VSMC or EC/total VSMC or EC 4=,6-diamidino-2-phenylindole-stained nuclei).
Cell culture. The isolation and characterization of PASMCs from wild-type mice has been described previously (8) . PASMCs were cultured in DMEM (Gibco) containing 10% fetal bovine serum (Sigma). Cells were serum-starved for 24 h and then treated with 10 ng/ml recombinant human BMP-4 (R&D Systems) for an additional 4 h before lysis. To evaluate hypoxic responses, cells were serum starved for 24 h and exposed to 1 or 3% oxygen Ϯ 200 ng/ml recombinant human Noggin (Alpha Diagnostic) under serum-free conditions in the Invivo 2 400 Hypoxia Workstation for an additional 24 h before lysis.
Statistical analyses. Statistical analyses were performed using GraphPad Prism 5 with two-tailed t-test for pairwise comparisons and one-way ANOVA for multiple, between-group comparisons using Bonferroni correction for post hoc, pairwise comparisons. Minimal level of significance was set at P Ͻ 0.05.
RESULTS

Regulation of pulmonary ID1-3 expression levels by hypoxia.
To evaluate the regulation of pulmonary ID proteins in response to hypoxia, we first performed immunoblot analyses of whole lung lysates from mice maintained under normoxic conditions or exposed to 1 or 3 wk of hypoxia. As reported previously (2, 8, 9, 22) , this revealed activation of the BMP pathway by hypoxia, as indicated by increased COOHterminal phosphorylation of the receptor-activated SMADs 1, 5, and 8 (pS1/5/8) (Supplemental Fig. S8, A and B) . Expression of total SMAD1 tends to decrease after 3 wk of hypoxia, but this change is not statistically significant (Supplemental Fig.  S8 , A and C), indicating that the increase in phosphorylated SMAD1/5/8 represents activation of BMP signaling in the hypoxic lung. Increased BMP activation is correlated with a robust induction of pulmonary ID1 expression, peaking after 1 wk of hypoxia and persisting after 3-wk exposure to hypoxia (Fig. 1, A and B) . This increase in ID1 expression was confirmed using two other commercially available anti-ID1 antibodies (Supplemental Fig. S3 ). All of these anti-ID1 antibodies detect a 15-to 17-kDa ID1 doublet that is lost in Id1 null lung lysates, confirming that both bands represent isoforms of ID1. Pulmonary ID2 (Fig. 1, C and D) and ID3 ( Fig. 1 , E and F) expression levels are also increased in wild-type mice following exposure to 1 and 3 wk of hypoxia. The anti-ID3 antibody used in these studies detects a single 13-kDa ID3 band in wild-type and not Id3 null mouse lungs (Supplemental Fig.  S4A ). In contrast, pulmonary ID4 expression is barely detectable in lung lysates from wild-type mice under normoxic conditions, and there is no significant increase in ID4 expression after 1 or 3 wk hypoxia (J. W. Lowery, data not shown).
Since ID1-3 may be expressed in different cell types in the lung, we went on to evaluate their expression in the largediameter pulmonary arterial vasculature (Ͼ75 m diameter) by immunoblot using IPA preparations isolated from mice under normoxic or hypoxic conditions. Since total pulmonary ID1-3 levels are maximally induced after 1-wk exposure to hypoxia, these studies were performed in IPAs isolated from mice exposed to 1 wk of hypoxia. As seen in whole lung lysates, low-level expression of ID1 and ID3 in IPAs isolated from normoxic mice are upregulated after exposure to 1 wk of hypoxia (Fig. 2, A, B , E, and F). In contrast, ID2 expression in IPAs is not increased in response to hypoxia (Fig. 2, C and D) .
Localization of ID1-3 expression in the hypoxic lung. Having observed differential expression of ID1/3 and ID2 in whole lung vs. IPA preparations by immunoblot, we sought to determine their precise localization in the hypoxic lung by immunohistochemical analysis. We first evaluated the specificity of three different commercially available ID1 antibodies by comparing staining of lung sections from wild-type and Id1 null mice exposed to 1-wk hypoxia. The first antibody we tested, a rabbit polyclonal anti-ID1 antibody from Santa Cruz (C-20, SC-488), has been used extensively to evaluate ID1 expression domains in a variety of different tissues (1, 3, 4, 6, 8, 10, 17, 18, 30, 41, 44, 47, 52) . This antibody gave weak but selective staining of pulmonary ECs in wild-type but not Id1 null mice (Supplemental Fig. S9, A, B, D, and E) . However, this antibody also gave nonspecific cytoplasmic staining of bronchial and VSMCs in some of the muscularized, airway-associated vessels from wild-type and Id1 null lungs (Supplemental Fig. S9 , C and F). Given this nonspecific staining of VSMCs, we went on to evaluate immunohistochemical staining of the lung using two other commercially available anti-ID1 rabbit monoclonal antibodies, clones 195-14 and 37-2 from BioCheck. Both of these antibodies have been validated in Id1 null mammary tissue, but there are no data on their use in mouse lungs (30) . Clone 195-14 did not stain wild-type or Id1 null lung tissue (L. Anderson, data not shown). Clone 37-2, on the other hand, gave dominant nuclear staining in alveolar and EC compartments in wild-type but not Id1 null lung tissue (Supplemental Fig. S9, G and L) . Using the validated rabbit monoclonal anti-ID1 clone 37-2 antibody, therefore, we found that ID1 is expressed in alveolar epithelial and pulmonary vascular ECs, but rarely in bronchial smooth muscle cells under either nor-moxic or hypoxic conditions (Fig. 3, A-D, Supplemental Fig.  S10 ). Quantification of the number of ID1-positive alveolar and vascular cells in small airway-associated muscularized vessels (20-to 50-m diameter) shows that both are significantly increased in response to hypoxia (Fig. 3, E and F) . Larger vessels (50-to 100-m diameter) also tend to have increased numbers of ID1-positive cells, but this increase is not statistically significant (P ϭ 0.077; Fig. 3G ). The majority of vessel-associated ID1-positive cells are ECs under both normoxic and hypoxic conditions (Fig. 3, A-D , and Supplemental Fig. S10 ). However, there is a significant increase in ID1-positive cells in the walls of larger vessels under hypoxic conditions (mean Ϯ SE per vessel, normoxia: 0.158 Ϯ 0.158 vs. hypoxia: 0.706 Ϯ 0.122, two-tailed t-test, P Ͻ 0.03). These cells are located within the vessel wall and have elongated nuclei typical of VSMCs ( Fig. 3C; arrow) . Pulmonary ID2 expression was evaluated using two commercially available antibodies, a rabbit polyclonal antibody from Santa Cruz (SC-489) and a rabbit monoclonal antibody from Biocheck (clone 98 -2). ID2 staining is more prominent using the anti-ID2 clone 98 -2 antibody, but both antibodies showed similar vascular and dominant alveolar epithelial staining in hypoxic mouse lungs (Supplemental Fig. S11 ). In addition, ID2 staining is detected in bronchial epithelial and smooth muscle cell compartments of the lung using both antibodies under both normoxic and hypoxic conditions (Fig.  3K , yellow arrows; Supplemental Fig. S11, A and D) . Therefore, while Id2 null mice were not available to evaluate antibody specificity, identical immunolocalization using two antibodies raised against different ID2 antigens suggest that ID2 localization using these antibodies is specific. Using the anti-ID2 clone 98 -2 antibody, therefore, we show that there is Fig. 1 . Regulation of inhibitor of differentiation 1-3 (ID1-3) expression in the hypoxic lung. A: immunoblot for ID1 using rabbit monoclonal antibody clone 195-14 and ␤-actin in normoxic and 1-wk and 3-wk hypoxic wild-type whole lung lysates. B: densitometry of ID1 bands (doublet) relative to ␤-actin controls from A. C and D: immunoblot (C) and densitometry (D) for ID2 using the rabbit polyclonal antibody from Santa Cruz (SC-489) compared with ␤-actin in normoxic and 1-wk and 3-wk hypoxic wild-type whole lung lysates. E and F: immunoblot (E) and densitometry (F) for ID3 using rabbit monoclonal antibody clone 17-3 compared with ␤-actin in normoxic and 1-wk and 3-wk hypoxic wild-type whole lung lysates. Values are means Ϯ SE.
a P Ͻ 0.05 vs. wild-type normoxic control by one-way ANOVA with Bonferroni correction. a prominent increase in extravascular alveolar ID2-positive cells (Fig. 3L) . The number of ID2-positive vascular cells also increases in small intrapulmonary airway-associated vessels (20-to 50-m diameter) after 1-wk exposure to hypoxia, but these changes are not statistically significant (P ϭ 0.063, Fig.  3M ). Moreover, the number of ID2-positive vascular cells in larger airway associated vessels (50-to 100-m diameter) does not change with hypoxia exposure (Fig. 3N) . These findings are consistent with our immunoblot analyses of ID1 and ID2 expression levels in lung vs. IPA preparations, since they indicate that, unlike ID1, ID2 expression is dominantly induced in the extravascular compartment of the hypoxic lung.
To evaluate the expression pattern of ID3 in the mouse lung, we first confirmed ID3 staining specificity using the rabbit monoclonal anti-ID3 clone 17-2 from Biocheck by negative staining on Id3 null lung sections (Supplemental Fig. S4, B-G) . Using this antibody we show that, like ID1, ID3 is detectable in alveolar epithelium and vascular cells under normoxic conditions, and that the number of ID3-expressing cells in both compartments is increased after 1-wk exposure to hypoxia (Fig. 3, O-U) . Unlike ID1, but like ID2, ID3 is also expressed in bronchial smooth muscle cells under hypoxic conditions (Fig. 3R, yellow arrows) .
ID1-3 expression and localization in peripheral pulmonary vasculature.
We also determined the cell types expressing ID1-3 in the small intrapulmonary resistance vessels (20-to 50-m diameter and distal to terminal bronchioles), since these vessels are the main site of pulmonary vascular remodeling in hypoxic PH (26) . For this, we performed double immunofluorescence analysis for ID1-3 and the smooth muscle cell marker ␣-SMA. Most ID1-expressing cells in these small peripheral vessels are inside the VSMC wall, consistent with their being ECs (Fig. 4, A-H, arrowheads) . This was confirmed by immunolocalization of ID1 in sequential sections stained with the EC marker vWF (Supplemental Fig. S5 ). Quantification of cellular expression indexes under hypoxic conditions reveals a selective increase in the proportion of ID1-positive VSMCs, but not ECs, compared with normoxic lungs (Fig. 4, J and K) . Similar results were obtained for ID3 (see Fig. 9 , Q and R, Supplemental Supplemental Fig. S7 ). However, like ID1 and ID3, the number of ID2-positive VSMCs is increased after 1 wk of hypoxia. The number of ID2-positive ECs is also increased by hypoxia, but these changes are not statistically significant. These findings indicate that ID1-3 are upregulated in the VSMC compartment of the hypoxic pulmonary vasculature, but that the distribution of ID1/3 vs. ID2 expressing cells in VSMC and EC compartments of the peripheral pulmonary vasculature is distinct.
BMP-dependent hypoxic regulation of ID1 and ID3 in cultured pulmonary PASMCs.
Having established that ID1 and ID3 expression are selectively upregulated in hypoxic pulmonary VSMCs in vivo, we explored whether these responses could be mediated by hypoxia-induced activation of BMP signaling. For this, we evaluated hypoxic regulation of ID1 and ID3 expression in vitro in primary PASMCs from wild-type mice. Exposure of cultured PASMCs to 1 or 3% oxygen for 24 h leads to a marked increase in expression of ID1 and ID3 (Fig. 5, A-C) . Incubation with Noggin, an inhibitor of extracellular BMP ligands (42) , inhibits hypoxic induction of ID1 and ID3 expression in these cells. This is associated with inhibition of hypoxia-induced SMAD1/5/8 phosphorylation (Fig. 5, A and D) . Moreover, BMP-4 strongly induces ID1 and ID3 and phospho-SMAD1/5/8 expression in cultured PASMCs (Fig. 5, E-H) . These findings indicate that hypoxic induction of ID1 and ID3 in cultured PASMCs is BMP dependent. In contrast, ID2 expression is not increased by hypoxia or BMP4 in these cells (Supplemental Fig. S12 ), indicating that ID1/3 and ID2 are differentially regulated by hypoxia and BMP signaling in PASMCs.
Role of ID1 in the development of hypoxic PH. Previous studies have shown that ID1 alone is both necessary and sufficient to mediate BMP-dependent anti-proliferative responses in cultured pulmonary PASMCs (48, 49) . We, therefore, reasoned that, if ID1 plays a role in regulating pulmonary vascular responses to hypoxia, loss of ID1 expression alone in Id1 null mice would have significant impact on pulmonary vascular responses to chronic hypoxia. To investigate this, we obtained mutant mice with targeted disruption of the Id1 Fig. 3 . Localization of ID1-3 expression in the hypoxic lung. A-D: immunoperoxidase staining for ID1 in lung sections from normoxic and 1-wk hypoxic wild-type mice using rabbit monoclonal antibody clone 37-2. C: inset from B. E-G: quantification of ID1-positive nuclei in alveoli and in both small (20 -50 m) and larger airway-associated muscularized vessels (50 -100 m). H-K: immunoperoxidase staining for ID2 in lung sections from normoxic and 1-wk hypoxic wild-type mice using rabbit monoclonal antibody clone 98 -2. J: inset from I. L-N: quantification of ID2-positive nuclei in alveoli and both small (20 -50 m) and larger airway-associated muscularized vessels (50 -100 m). O-R: immunoperoxidase staining for ID3 in lung sections from normoxic and 1-wk hypoxic wild-type mice using rabbit monoclonal antibody clone 17-3. Q: inset from P. S-U: quantification of ID3-positive nuclei in alveoli and both small (20 -50 m) and larger airway-associated muscularized vessels (50 -100 m). Asterisk (*) indicates vessels; arrows indicate vascular smooth muscle cell (VSMC) staining; arrowheads denote endothelial cell (EC) staining; § indicates muscularized airways; thick yellow arrows indicate smooth muscle staining in muscularized airways. Scale bar ϭ 100 m. Data are expressed as means Ϯ SE (normoxia n ϭ 4, 1-wk hypoxia n ϭ 5).
a P Ͻ 0.05 vs. wild-type normoxic control by two-tailed t-test.
Fig. 4. Vascular cell type-specific regulation of ID1 in hypoxia.
A-H: immunofluorescence for ID1 using rabbit monoclonal antibody clone 37-2 (red) and mouse monoclonal anti-␣-smooth muscle actin (␣-SMA; green) in muscularized pulmonary vessels distal to terminal bronchioles from normoxic and 1-wk hypoxic wild-type mice. Nuclear staining with 4,6-diamidino-2-phenylindole (DAPI) is shown in blue. I: negative staining of 1-wk hypoxic lung from Id1 null mouse using anti-ID1 clone 37-2. J and K: quantification of cell-specific ID1 expression indices in VSMC (J) and EC (K) compartments in 20-to 50-m muscularized peripheral vessels from normoxic and 1-wk hypoxic wild-type mouse lungs. Arrows indicate VSMC staining; arrowheads EC staining. Scale bar ϭ 100 m. Data are expressed as means Ϯ SE (n ϭ 4 per group).
genomic locus (46) . Id1 null mice are viable, and no apparent developmental abnormalities are observed in either sex (46 (Fig. 6A , the full length immunoblot using this antibody is shown in Supplemental Fig. S3A ). We measured RVSP in wild-type, Id1 ϩ/Ϫ , and Id1 null mice after exposure to 1 or 3 wk of hypoxia. There is a significant increase in RVSP in response to hypoxia in wild type and Id1 mutant mice, but no difference in RVSP between wild-type and Id1-deficient mice under any of the treatment conditions ( Fig. 6B and Table 1 ). Male mice develop more severe PH after 3 wk of hypoxia than female mice, but Id1 deficiency does not modulate this effect within either sex (Table 1) . No elevation of RVDP or LVDP was observed, confirming that the increase in RVSP is not due to left-sided heart failure (J. W. Lowery, data not shown). These hemodynamic data are supported by measurements of RV hypertrophy, which also show an increase after 3 wk of hypoxia, but reveal no differences between genotypes (Table 1) . Id1 mutant mice display an earlier peak in the level of hypoxia-induced increase in blood hematocrit (Table 1) . However, this difference is not statistically significant. Moreover, after 3 wk of hypoxia, there is no difference in hematocrit between genotypes.
To determine whether loss of ID1 expression is associated with alterations in hypoxia-induced pulmonary vascular remodeling, we evaluated the degree of hypoxia-induced peripheral vessel muscularization and proliferation in wild-type, Id1 ϩ/Ϫ , and Id1 null mouse lungs. Supporting our finding that ID1 is dispensable for the development of hypoxic PH, the characteristic increase in peripheral muscularization is not different between genotypes (Table 2 and Supplemental Fig.  S2 ). Furthermore, while small, peripheral pulmonary vessels from hypoxic Id1 ϩ/Ϫ and Id1 Ϫ/Ϫ mice tend to have increased numbers of PCNA-positive proliferating VSMCs, this increase is not statistically significant. There is also no difference in EC proliferation with hypoxia between genotypes ( Table 2 ). These data indicate that ID1 expression is dispensable for the phys- iological events, vascular remodeling, or vascular cell proliferation associated with the development of hypoxic PH.
ID2 and ID3 expression and localization in the lungs of Id1-deficient mice.
One explanation for our findings is that changes in the expression of ID2 or ID3, which share many of the same molecular targets as ID1 (31), might compensate for loss of ID1 in the intact pulmonary vasculature of Id1 null mice. To explore this possibility, we first examined expression of ID2 and ID3 in the lungs of wild-type and Id1 null mice by immunoblot. This revealed a marked increase in expression of ID2 and ID3 in normoxic Id1 null mouse lungs over wild-type littermates (Fig. 7, A-C) . No further increase in ID2 or ID3 expression levels are seen in Id1 null mice compared with wild-type littermates in response to chronic hypoxia. To determine the localization of ID2 and ID3 expression in the pulmonary vasculature of Id1 null mice, we evaluated their cellular localization in wild-type and Id1 null mouse lungs under normoxic and hypoxic conditions. For this, we focused on small intrapulmonary resistance vessels, since these vessels are the main site of pulmonary vascular remodeling in hypoxic PH (26) . Id1 null mice tend to have fewer ID2-positive ECs in hypoxia than wild-type mice, but these changes are not statistically significant (Fig. 8R) . The proportion of ID2-positive peripheral VSMCs increases with exposure to hypoxia in both wild-type and Id1 null mice (Fig. 8S) . However, there is no compensatory increase in the number of ID2-expressing cells in the VSMC compartment of these peripheral vessels in Id1 null mice under normoxic or hypoxic condition. Unlike ID2, the proportion of ID3-positive VSMCs is significantly increased under normoxic conditions in Id1 null mutant mice compared with their wild-type littermates (Fig. 9R) . There is no further increase in the proportion of ID3-positive VSMCs with hypoxia in Id1 null mouse lungs (Fig. 9R) and no compensatory increase in ID3-positive cells in the EC compartment of the peripheral pulmonary vasculature of Id1 null mice under normoxic or hypoxic conditions (Fig. 9Q) . These data indicate that ID3 is selectively upregulated in peripheral VSMCs in Id1 null mice and raise the possibility that ID3 might functionally compensate for loss of ID1 expression in pulmonary VSMCs from hypoxic Id1 null mice.
DISCUSSION
The present study provides the first comprehensive analysis of ID family protein expression and localization in the adult mouse lung. We show that ID1 and ID3 are both upregulated in the pulmonary vasculature following prolonged exposure to hypoxia, and that this is associated with an increased proportion of ID1-and ID3-expressing VSMCs. Increased expression of ID1 and ID3 in hypoxic pulmonary VSMCs occurs throughout the pulmonary arterial tree, but is pronounced in small muscularized vessels that are distal to terminal bronchioles. This is of significance, since these peripheral vessels represent the dominant resistance vessels that undergo pulmonary vascular remodeling in the hypoxic lung (26) . Moreover, while ID1 and ID3 are dominantly expressed in pulmonary ECs under normoxic conditions, EC expression of ID1 and ID3 in the pulmonary vasculature is unaffected by hypoxia. These data suggest that ID1 and ID3 could play a distinct role in regulating hypoxic VSMC responses. ID2 is also upregulated in hypoxic pulmonary VSMCs, but its expression is dominantly induced in extravascular compartments of the hypoxic mouse lung. In addition, ID4 is barely detectable in the mouse lung, and, unlike ID1-3, its expression is not increased following prolonged exposure to hypoxia. These findings are consistent with differential regulation of ID4 vs. ID1-3 in the developing embryo (13, 35, 36) and suggest that, while Id4 is a bona fide BMP target gene in some cells (20, 37) , it is unlikely to play a role in regulating BMP-dependent pulmonary vascular responses to chronic hypoxia.
Earlier studies, in which antibody specificity was determined by comparing immunostaining patterns in wild-type and Id1 null mouse tissues, raised concerns about the lack of specificity of the commercial anti-ID antibodies used in a number of studies (30) . We have addressed this question directly by demonstrating that two recently developed rabbit monoclonal anti-ID1 (clone 37-2) and anit-ID3 (clone 17-3) antibodies from Biocheck show overlapping staining patterns in wild-type mouse lungs, but give completely negative staining on Id1 null and Id3 null mouse lung tissue sections, respectively. This indicates that localization of ID1 and ID3 in mouse lungs using these antibodies is reliable and specific. Contrasting with these findings and consistent with previous reports (3, 8, 49 ), the polyclonal anti-ID1 antibody from Santa Cruz (SC-488) gave dominant cytoplasmic staining of pulmonary vascular and bronchial smooth muscle cells in wild-type mouse lungs. However, the same staining pattern was seen in Id1 null lungs, indicating that ID1 staining of pulmonary VSMCs using this antibody is unreliable. This negative finding is of importance, since a number of studies have used this antibody to identify the cellular localization of ID1 in a variety of different tissues, including the lung (1, 3, 4, 6, 8, 10, 17, 18, 30, 41, 44, 47, 52) . Id2 null mice were not available for these studies, so our analyses of ID2 regulation and localization have to be interpreted with caution. Nevertheless, we show that two anti-ID2 antibodies, a rabbit polyclonal antibody from Santa Cruz (SC-489) and a new rabbit monoclonal antibody from Biocheck (clone 17-3) gave the same dominantly epithelial and occasional VSMC and EC staining in hypoxic mouse lungs. This corroborative evidence using two different antibodies raised against distinct ID2 epitopes suggests that our analysis of ID2 regulation and localization in hypoxic mouse lungs using these antibodies is also reliable.
In addition to hypoxic induction of ID1-3 in pulmonary VSMCs in vivo, we show that hypoxia increases ID1 and ID3 expression in cultured PASMCs in a BMP-dependent fashion. This is consistent with published data indicating that both Id1 and Id3 are transcriptional targets of BMP-activated SMADs in a variety of cells types (27) . Furthermore, since our laboratory has previously shown that hypoxia-induced PH is dependent on intact BMP signaling (2, 8, 9) , and since ID1-and ID3-positive VSMCs are also closely associated with BMP-2-and BMP-4-expressing cells in small peripheral vessels and alveoli of the hypoxic lung (2, 8) , these findings are consistent with the hypothesis that hypoxia induces VSMC expression of ID1 and ID3 in the intact pulmonary vasculature in a BMP-dependent fashion. However, while Id2 is also a bona fide BMP target gene in a variety of different cell types (15, 20, 37) , its expression is unaffected by hypoxia or BMP treatment in these cultured mouse PASMCs. This contrasts with the observation that both ID1 and ID2 expression are upregulated in human PASMCs following treatment with BMP-4 (51). However, there is considerable heterogeneity in BMP responsiveness among different PASMC preparations, which could account for the observed differences in BMP-induced ID2 responses between these studies. For example, while the aforementioned studies and others from the same group have shown that proliferating human PASMCs are growth inhibited by BMPs (48, 49) , other studies have shown that more peripheral human pulmonary VSMCs (51) and early passage mouse PASMCs (8) proliferate in response to BMP ligands in vitro. These observations underscore the importance of evaluating these IDdependent responses in the intact vasculature. Having said that, our in vitro findings using mouse PASMCs are consistent with the observation that ID1/3 and ID2 show distinct but overlapping expression domains in hypoxic mouse lungs and suggest that ID2 is regulated by BMP-independent signaling that is distinct from the cell autonomous, BMP-dependent ID1/3 response to hypoxia in pulmonary VSMCs. In other words, while our immunolocalization studies indicate that all three ID family members are upregulated in the VSMC compartment of the hypoxic pulmonary vasculature, these in vitro studies suggest that hypoxia regulates ID1/3 and ID2 expression in VSMCs through different mechanisms.
Previous studies have revealed complex regulation of BMP signaling in different models of PH. For example, the alkaloid toxin monocrotaline transiently increases phosphorylation of SMAD1/5/8 in cultured human ECs (32), but can lead to both increased (33) and decreased (21, 28, 50) pulmonary SMAD1/ 5/8 phosphorylation in rats in vivo. In response to chronic hypoxia, pulmonary SMAD1/5/8 phosphorylation is unchanged in rats (21) , while it is increased in mice (2, 8, 9, 22) . Our laboratory has previously shown, using a genetics-based approach, that hypoxia-induced PH, VSMC proliferation, and pulmonary vascular remodeling are dependent on an intact BMP signaling pathway in mice (2, 8, 9) . Therefore, since ID1 short interfering RNA (siRNA) knockdown inhibits BMPdependent responses in cultured pulmonary PASMCs (48, 49) , we anticipated that loss of ID1 expression would modify some of these hypoxia-induced, BMP-dependent responses in the pulmonary vasculature of Id1 null mice. However, our genetic studies show that ID1 is dispensable for the development of hypoxic PH in vivo, and that Id1 null mice show the same pulmonary vascular remodeling and VSMC proliferation responses to chronic hypoxia as their wild-type littermates. One explanation for these findings is that there is compensation for the loss of ID1 expression by overexpression of other ID family members in the pulmonary vasculature of Id1 null mice. These compensatory responses may not occur in cultured PASMCs in which ID1 is transiently knocked down using sequence-specific siRNAs. Supporting this idea, both ID2 and ID3 are upregulated in the lungs of Id1 null mice. However, Fig. 8 . Localization of ID2 expression in peripheral pulmonary vessels of wild-type and Id1 null mouse lungs. A-P: immunofluorescence staining for ID2 using rabbit monoclonal antibody clone 98 -2 (red) and mouse monoclonal anti-␣-SMA (green) in small (20-to 50-m) muscularized peripheral pulmonary vessels in wild-type (A-D, I-L) and Id1 null mice (E-H, M-P) under normoxic conditions (A-H) and after 1 wk of hypoxia (I-P). Nuclear staining with DAPI is shown in blue. Q: negative staining with rabbit IgG control in wild-type normoxic lungs. R and S: quantification of cell-specific ID2 indexes in EC (R) and VSMC (S) compartments in peripheral vessels from normoxic and 1-wk hypoxic wild-type and Id1 null mouse lungs, as indicated. Arrows indicate nuclear staining in VSMCs; arrowheads, ECs. Scale bar ϭ 100 m. Values are means Ϯ SE (n ϭ 4 per group).
a P Ͻ 0.05 vs. corresponding genotype normoxic control by one-way ANOVA with Bonferroni correction.
hypoxic regulation of ID2 is largely extravascular, and there is no compensatory increase in ID2 expression in the pulmonary vasculature of hypoxic Id1 null mice. This suggests that ID2 is unlikely to compensate for the loss of ID1 in the pulmonary vasculature. On the other hand, the expression pattern of ID3 is strikingly similar to that of ID1 in the hypoxic pulmonary vasculature, both in vivo and in vitro. Moreover, loss of ID1 expression leads to a selective increase in the proportion of pulmonary VSMCs that express ID3, suggesting that compensation for the loss of ID1 in the pulmonary vasculature occurs through increased ID3 expression. This hypothesis is consistent with the fact that ID1 and ID3 share many of the same molecular targets (31) . Furthermore, while mice with single homozygous deletion of Id1 or Id3 are viable (29, 46) , Id1/Id3 Fig. 9 . Localization of ID3 expression in peripheral pulmonary vessels in wild-type and Id1 null mouse lungs. A-P: immunofluorescence for ID3 using rabbit monoclonal antibody clone 17-3 (red) and mouse monoclonal anti-␣-SMA (green) in small (20-to 50-m) muscularized peripheral pulmonary vessels in wild-type (A-D, I-L) and Id1 null mice (E-H, M-P) under normoxic conditions (A-H) and after 1 wk of hypoxia (I-P). Nuclear staining with DAPI is shown in blue. M and N: quantification of cell-specific ID3 indexes in EC (Q) and VSMC (R) compartments in peripheral vessels from normoxic and 1-wk hypoxic wild-type and Id1 null mouse lungs, as indicated. Arrows indicate nuclear staining in VSMCs; arrowheads, ECs. Scale bar ϭ 100 m. Values are means Ϯ SE (n ϭ 4 each group).
a P Ͻ 0.05 vs. wild-type normoxic control by one-way ANOVA with Bonferroni correction.
double null mice die with defects in angiogenesis and blood vessel stability (24) . This indicates that ID1 and ID3 play a combinatorial role in regulating vascular development and suggests that ID1 and ID3 are likely to have overlapping functions in regulating pulmonary vascular responses in the adult. However, ID1 expression alone is both necessary and sufficient to mediate BMP-dependent proliferative responses in cultured PASMCs (48, 49) . For this reason, evaluation of functional redundancy by further knockdown of ID3 in ID1-deficient PASMCs is unlikely to have additive effects on BMP-dependent responses in these cells. Moreover, we have been unable to achieve simultaneous siRNA-induced knockdown of both ID1 and ID3 in cultured PASMCs (J. W. Lowery and A. L. Frump, data not shown). Therefore, we feel that the combinatorial role of ID1 and ID3 in vivo cannot be addressed using isolated vascular cell culture systems, and that definitive genetic studies using Id1/Id3 compound mutant mice will be required to determine whether and how ID1 and ID3 cooperatively regulate pulmonary vascular responses to hypoxia.
Perspectives and Significance
In these studies, we provide the first comprehensive analysis of ID family protein expression and localization in the mouse pulmonary vasculature. ID1 and ID3 show overlapping expression domains in hypoxic pulmonary VSMCs and are induced by hypoxia in cultured pulmonary VSMCs in a BMP-dependent fashion. Since hypoxic PH is dependent on an intact BMP signaling pathway, these findings suggest that ID1 and ID3 could play a role in mediating these responses. However, genetic studies using Id1 null mice indicate that ID1 is dispensable for the development of hypoxic PH. Moreover there is a selective increase in ID3 expression in hypoxic pulmonary VSMCs in Id1 null mouse lungs. These findings suggest that ID1 and ID3 may play a cooperative role in regulating pulmonary VSMC responses to hypoxia. Further evaluation of their combinatorial role in regulating hypoxic PH responses will be determined from the analysis of hypoxic PH responses in compound Id1/Id3 mouse mutants. These studies advance our understanding of downstream signaling pathways that regulate BMP-dependent responses in the pulmonary vasculature and the mechanisms by which the pathogenic effects of abnormal BMPR2 signaling might promote pulmonary vascular disease in patients with HPAH.
